Abstract Dichloroacetic acid (DCA), a water disinfection by-product, has attained emphasis due to its prospect for clinical use against different diseases including cancer along with negative impact on organisms. However, these reports are based on the toxicological as well clinical data using comparatively higher concentrations of DCA without much of environmental relevance. Here, we evaluate cellular as well as organismal effects of DCA at environmentally and mild clinically relevant concentrations (0.02-20.0 μg/ml) using an established model organism, Drosophila melanogaster. Flies were fed on food mixed with test concentrations of DCA for 12-48 h to examine the induction of reactive oxygen species (ROS) generation, oxidative stress (OS), heat shock genes (hsps) and cell death along with organismal responses. We also examined locomotor performance, ROS generation, glutathione (GSH) depletion, expression of GSH-synthesizing genes (gclc and gclm), and hsps at different days (0, 10, 20, 30, 40, 50) of the age in flies after prolonged DCA exposure. We observed mild OS and induction of antioxidant defense system in 20.0 μg/ml DCA-exposed organism after 24 h. After prolonged exposure to DCA, exposed organism exhibited improved survival, elevated expression of hsp27, gclc, and gclm concomitant with lower ROS generation and GSH depletion and improved locomotor performance. Conversely, hsp27 knockdown flies exhibited reversal of the above end points. The study provides evidence for the attenuation of cellular and functional decline in aged Drosophila after prolonged DCA exposure and the effect of hsp27 modulation which further incites studies towards the therapeutic application of DCA.
drinking water ranged from 4.5-7.5 μg/l (Japan) to 200 μg/l (Australia), while its level in surface water downstream from a paper mill in Austria was detected between <3 and 522 μg/l (Geist et al. 1991) . Human population has been exposed to drinking water containing up to 160 μg/l DCA for many generations (Stacpoole 2011) .
Xenobiotic interaction and response related studies on DCA have been aggravated by both environmental and therapeutic concerns. DCA has been reported as a possible pharmacological cure for chronic diseases such as lactic acidosis and other mitochondria associated diseases (Michelakis et al. 2010; Miquel et al. 2012; Stacpoole et al. 2008) . In a number of in vitro studies, DCA is reported to enhance reactive oxygen generation (ROS) generation and oxidative stress leading to cell death (Ayyanathan et al. 2012; Hassoun and Ray 2003; Wong et al. 2008 ). In exposed in vivo models, mainly rodents, DCA is reported to cause developmental- (Smith et al. 1992 ), spermato- (Linder et al. 1997) , immuno-, and hepatotoxicity (Cai et al. 2007; Hassoun and Dey 2008) . However, concern about DCA adversity underlies on the data generated in rodents after their exposure to this chemical at doses (up to~4,000 mg/kg) thousands of times higher than those to which humans are usually exposed (Stacpoole et al. 1998 ). In the same context, a dose range of 10-100 mg/kg of DCA is suggested as therapeutics for human use via intravenous and oral routes (Stacpoole 2011 ). On the other, studies regarding long-term exposure to environmentally relevant concentrations (~160-200 μg/l, detected in the environment and to which organisms including human are likely to be exposed) of DCA are elusive.
Organismal susceptibility to chronic and degenerative diseases is casually linked to aging. Age-related behavioral insufficiencies are one of the main functional changes that occur in aged individuals. In human, progressive decline in locomotor ability, memory function, and olfactory sensitivity is imperative age-related changes (Grotewiel et al. 2005) . Thus, life expectancy may be improved by the amelioration of age-related behavioral declines (Jones and Grotewiel 2011) . Strategies for promoting heathspan via reduced ROS generation and increased antioxidants level have gained much interest (Gruber et al. 2008 (Gruber et al. , 2009 . Among the antioxidants, glutathione (GSH) is the most abundant nonprotein thiol that protects the organism against oxidative stress and participates in the detoxification of xenobiotics and/or their metabolites, antioxidant defense, maintenance of redox potential, regulation of cell cycle progression, and apoptosis (Lu 2013) . Reduced GSH levels are reported in aged organisms (Jiang et al. 2013; Suh et al. 2004 ). The rate-limiting enzyme, glutamate cysteine ligase (GCL), is one of the key determinants of GSH biosynthesis and is composed of catalytic (GCLc) and modifier (GCLm) subunits. In in vitro studies, altered expression of GCL against xenobiotic exposure was reported (Ha et al. 2006 ; Thompson et al. 2009; Zheng et al. 2007) . Although DCA has been reported to upregulate GSH biosynthesis via the induction of GCL in mice (Theodoratos et al. 2012) , no information is available on the modulation of GSH level and the status of GCL expression (GCLc and GCLm) in DCA-exposed organism in the context of aging.
Premature aging of an organism has been implicated by the alteration in the expression and regulation of a number of genes concurrent with factors like xenobiotics exposure, dietary habits, etc. Heat shock proteins (HSPs) are reported to function as chaperones by orchestrating correct folding and unfolding of proteins. Levels of HSPs increase in response to different types of stresses that also include xenobiotic exposure. HSPs can counteract proteo-toxicity and favor stress resistance to the organism which may be causally linked to an increase in life span vis-à-vis positive impact on the aging-related functional declines (Tower 2009 (Tower , 2011 . Genome-wide studies on age-associated gene expression changes in flies have shown the upregulation of heat shock genes (hsps) (Curtis et al. 2007; Landis et al. 2012 ). In addition, modulated expression of hsps (hsp70, hsp27, and hsp22) has been reported to alter life span in flies (Kim et al. 2010; Liao et al. 2008; Tatar et al. 1997 ) and higher level of HSPs is reported in longerlived mammals and birds (Salway et al. 2011 ). In the same context, improved health-and life span were observed in DCA-exposed Caenorhabditis elegans (Schaffer et al. 2011) . However, studies regarding expression of hsps in DCA-exposed organisms are inadequate.
Model organisms provide ample opportunities to examine the underlying mechanism of xenobiotic-induced effects on exposed organism. Drosophila, an insect model, with well-documented genetics and developmental biology and high degree of homology of its genes with that of higher mammals, is the closest invertebrate to the humans and has been used for toxicological studies and for studying human diseases (Jeibmann and Paulus 2009 ). Relevant to the higher mammals, Drosophila exhibits an age-related decline in several behaviors such as senescence of motor activity, olfaction, olfactory memory, and noncircadian rest (Grotewiel et al. 2005) . Assay for locomotor performance is one of the reliable assays to examine the senescence of motor activity in flies (Lliadi et al. 2012) . Further, this model has been a key to comprehend the association between hsps and aging process since the discovery of heat shock response and hsps (Tower 2011) . It raises fewer ethical concerns and falls within the recommendations of the European Centre for the Validation of Alternative Methods (ECVAM) and aims to prop up the scientific and regulatory acceptance of alternative methods that are important in the field of biological science and towards reducing, refining, and replacing the use of laboratory animals (Benford et al. 2000) .
The present study, therefore, aims to examine the cellular stress inducing potential of DCA in exposed nontarget organism, Drosophila melanogaster, and its effect on life span and age-dependent impairments. Further, the study is intended to provide evidence on the modulatory effect of small hsp, viz., hsp27, on DCA-exposed organism.
Materials and methods

Fly strain and culture
Wild-type D. melanogaster (Oregon R + ), w 1118 , Gal4-UAS transgenic lines, namely, Act-Gal4/Cyo, UAShsp27, UAS-hsp27 RNAi , and UAS-hsp22 RNAi , were used in this study. The fly strains were reared on a standard Drosophila food medium (consisting of agar-agar, maize powder, sugar, yeast, nepagin, and propionic acid) at 24±1°C. Additional yeast supplement was provided for healthy growth of the organisms.
Chemical and treatment schedule DCA (PESTANAL® analytical standard, 99.3 %) obtained from Sigma Chemicals, St. Louis, MO, USA, was used in the study. Of the four different concentrations of DCA used (0.02, 0.2, 2.0, and 20.0 μg/ml), lower concentrations (0.02 and 0.2 μg/ml) are environmentally relevant (IARC 2004) while the other two higher concentrations (2.0 and 20.0 μg/ml) are less than clinically relevant concentrations (up tõ 100 mg/kg). Flies were allowed to feed on food contaminated with different concentrations of DCA. Control group received standard Drosophila food.
Chemical estimation
Quantification of DCA in exposed organism was carried out by gas chromatography (GC) with an electron capture detector (ECD). In brief, control and exposed flies were homogenized in Milli-Q water and then treated with pyridine and methyl chloroformate to get volatile and nonpolar methyl ester of DCA (Mudiam et al. 2013) . The ester derivative after its extraction in hexane was applied on an Agilent GLC7890A GC (Foster City, CA, USA) equipped with an ECD.
Emergence pattern of flies
First instar larvae were transferred to normal food medium (control) and to food containing different concentrations of the DCA (50 larvae/vial, 10 vials/group). The number of flies emerging from different groups was counted until all the flies emerged (Gayathri and Krishnamurthy 1981) .
Survivorship assay
To examine the effect of DCA on the life span, male flies were fed on the food mixed with different concentrations of DCA from day 1 of their emergence. For each group, 250 flies (maximum 25 flies were maintained per vial) were scored. Every alternate day, flies were transferred to fresh vials and the number of dead flies was scored till the death of the last fly (Nazir et al. 2001 ).
Reproductive assay
Reproductive assay was performed using a previously published method (Gayathri and Krishnamurthy 1981) . Briefly, freshly eclosed first instar larvae were transferred to control and chemical-contaminated food and they were allowed to grow throughout their development. Virgin male and female flies emerging from control and treated food were separated and mated in vials containing normal food. For each group, 10 pair of flies in 10 individual vials were taken and transferred to fresh vials everyday for the next 10 days and the number of eggs laid during this period was scored. The total number of flies emerging from the eggs laid during these 10 days was counted; the mean number of flies emerged per pair for 10 days gave a measure of reproductive performance.
RNA isolation and quantitative real-time polymerase chain reaction (qPCR) Total RNA from control and treated flies was extracted using TRI reagent (Ambion, Austin, TX, USA). Purity and concentration of the isolated RNA were determined by measuring the absorbance ratio at 260/280 and 230/ 260 nm on a NanoDrop spectrophotometer (Wilmington, DE, USA). RNA was reverse-transcribed into cDNA using a cDNA synthesis kit (Fermentas, MD, USA) essentially following the manufacturer's instructions. qPCR was performed in 96-well PCR plates on a 7900 HT Fast Real-Time PCR (Applied Biosystems, CA, USA) using Power SYBR Green Master Mix (Applied Biosystems CA, USA) with gene-specific primers for the target genes (hsp22, hsp23, hsp26, hsp27, hsp60, hsp70, hsp83, gclc, and gclm) (primer details in Table 1 ). Relative quantification of gene expression was carried out by concurrent amplification of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control.
Assay for oxidative stress markers
To examine the oxidative stress, ROS generation, superoxide dismutase (SOD), catalase (CAT), and glutathione S-transferase (GST) activities, GSH content, protein carbonyl (PC) content, and lipid peroxidation (LPO) product were assayed in control and DCA-exposed flies. The above-mentioned assays were carried out in 10 % fly homogenate.
Preparation of fly homogenate
Flies from control and treated groups were homogenized in cold 0.1 M phosphate buffer (pH 7.4) containing 0.15 M KCl to obtain 10 % homogenate. The supernatant after centrifugation at 12,000 × g for 10 min was used for different assays and protein estimation.
Measurement of ROS generation
ROS generation was estimated by using the dye 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma, St. Louis, MO, USA). Assay was performed as described by Zhao et al. (2010) . In brief, 100 μl of fly homogenate was incubated with 10 μM DCFH-DA (in dimethyl sulfoxide) and fluorescence was measured using a microplate reader at an excitation and emission wavelength of 485 and 535 nm, respectively. The fluorescence intensities were normalized to the protein concentration.
Superoxide dismutase (SOD) (superoxide: superoxide oxidoreductase EC 1.15.1.1)
The method for estimating SOD described previously by Nishikimi et al. (1972) was followed with minor modification (Gupta et al. 2005) . The assay mixture consisted of 0.052 M sodium pyrophosphate buffer (pH 8.3), 186 μM phenazine methosulphate, 300 μM nitroblue tetrazolium, 780 μM reduced nicotinamide adenine dinucleotide, and the homogenate. 
One unit of enzyme activity is defined as the enzyme concentration required for inhibiting chromogen production (optical density 560 nm) by 50 % in 1 min under assay condition, and the results were expressed as specific activity in units per minute per milligram protein.
Catalase (CAT (H 2 O 2 : H 2 O 2 oxidoreductase EC 1.11.1.6)
CAT activity in the control and treated flies was measured by following the ability of the enzyme to split H 2 O 2 within 1 min of incubation time. After incubation, the reaction was stopped by adding dichromate/acetic acid reagent (5 % solution of K 2 Cr 2 O 7 /glacial acetic acid, 1:3 by volume) and the remaining H 2 O 2 was determined by measuring chromic acetate at 570 nm as described previously by Sinha (1972) . Enzyme activity was expressed as micromoles H 2 O 2 decomposed per minute per milligram protein.
Assay for lipid peroxidation (LPO)
We followed the method of Ohkawa et al. (1979) for assaying malondialdehyde (MDA) as a measurement of LPO using tetraethoxypropane as an external standard. The assay mixture consisted of 10 % sodium dodecyl sulphate (SDS), 0.8 % thiobarbituric acid (TBA), and fly homogenate. Level of lipid peroxidation was expressed in terms of nanomoles MDA content per hour per milligram protein.
Glutathione S-transferase (GST, EC 2.5.1.18)
GST activity was determined by the method of Habig et al. (1974) with minor modifications. The reaction mixture consisted of 0.2 M sodium phosphate buffer, reduced glutathione (1.0 mM) and 1-chloro-2,4-dinitrobenzene (CDNB, 5.0 mM). An increase in absorbance (340 nm) was measured for 3 min at 30-s interval, and the enzyme activity was calculated as nanomoles CDNB reduced per minute per milligram protein using a molar extinction coefficient of 6.25×10 3 M −1 cm −1 .
Glutathione (GSH) content
GSH content in the exposed flies was quantified using Ellman's reagent (Ellman 1959) . The assay mixture consisted of 0.2 M phosphate buffer (pH 8.0), 0.01 % 5,5′-dithiobis-2-nitrobenzoic acid (DTNB), and the homogenate. The reaction was monitored at 412 nm, and the amount of GSH was expressed in terms of nanomoles per milligram protein.
Determination of protein carbonyl (PC) content
PC content was determined by following the method of Levine et al. (1990) with minor modifications. Two equal aliquots of supernatant fraction were taken, one t r e a t e d w i t h e q u a l v o l u m e o f 2 , 4 -dinitrophenylhydrazine (10 mM dissolved in 2 M HCl) (test sample) and the other with 2 M HCl (blank). Each mixture was incubated for 1 h, followed by precipitation with 20 % TCA and subsequently extracted with ethanol/ethylacetate mixture (1:1). The pellets were then dissolved in 1.0 ml of 6 M guanidine hydrochloride. The spectrum of DNPH-treated sample versus the HCl blank was determined at 370 nm, and the results were expressed in terms of nanomoles DNPH incorporated per milligram protein based on a molar absorption coefficient of 22,000 M −1 cm −1
.
Protein estimation
Protein concentration was determined by the method of Lowry et al. (1951) using a protein estimation kit (Bangalore Genei, Bangalore, India) essentially following the manufacturer's protocol and bovine serum albumin (BSA) as the standard.
Cell death assay
To examine cell death in control and DCA-exposed flies, DEVDase (caspase-3 like) and IETDase (caspase-9 like) activities were examined. The assay is based on spectrophotometric detection of the chromophore p-nitroanilide (pNA) obtained after specific action of caspase-3 and caspase-9 on tetrapeptide substrates, DEVD-pNA and IETD-pNA, respectively. The assay mixture consisted of fly homogenate, chilled cell lysis buffer, 2× reaction buffer containing dithiothreitol, and 200 μM substrate (BioVision caspase assay kit, CA, USA). The reaction mixture was incubated at 37°C for 1.5 h, and absorbance of the product was measured at 405 nm on a Cintra 20 ultraviolet spectrophotometer (GBC Scientific Equipment, Australia).
Locomotor assay
Locomotor assay was performed as described previously by Feany and Bender (2000) . In brief, 20 flies in a vertical plastic tube (18 cm×2 cm) were gently tapped to the bottom and kept for 1 min in order to get acclimatized with their environment. Flies that crossed the 15-cm line within 30 s from the time they were tapped to the bottom of vials were scored. One hundred male flies were used for locomotor assay per group (5 replicates, 20 flies in each). The locomotor performance was represented in terms of mean percentage of flies that crossed the 15-cm line among the total number of flies per experiment.
Measurement of body weight
Growth of flies was examined in terms of body weight. For each group, 100 male flies (4 replicates of 25 flies in each) were weighed. Body weights were expressed in milligrams.
Statistical analysis
Statistical significance of the mean values for different parameters was monitored in control and exposed flies using ANOVA followed by post hoc tests after ascertaining the homogeneity of variance and normality of data. For multiple comparisons, one-way and two-way ANOVAs were followed by Dunnett's and Bonferroni's test, respectively. Each end point was considered as a dependent variable while concentration and time of exposure as independent variables. Statistical significance level was ascribed as P<0.05. Pearson's correlations were calculated, and then, linear regression analysis was carried out. Prism computer program (GraphPad version 5.0, San Diego, CA, USA) was used for the statistical analysis. Kaplan-Meier analysis was used for survivorship analysis with stratified log rank tests using SPSS software version 13.0, (SPSS Inc., Chicago, IL, USA).
Results
Detection of DCA in exposed flies DCA residues were detected in the exposed organism at its 2.0-and 20.0-μg/ml concentrations, while for the rest two lower concentrations, DCA residues were beyond the detection limit. We could recover 7.17±0.04 and 4.51± 0.29 ng/g DCA from 2.0 μg/ml DCA-treated flies and 53.46±0.51 and 31.62±0.96 ng/g DCA from 20.0 μg/ml DCA-exposed flies after 24 and 48 h, respectively.
Effect of DCA on emergence pattern of flies (Oregon R + ) Figure 1a , b shows the emergence pattern and percent emergence in control and DCA-treated groups. We observed a nonsignificant (P<0.05) change in the emergence and larval development of flies in DCA-exposed groups as compared to control.
Effect of DCA on reproductive performance Figure 1c shows the reproductive performance in control and DCA-exposed groups. We observed a nonsignificant (P>0.05) change in the reproductive performance of DCA-exposed groups as compared to control in terms of fertility.
Acute exposure of DCA to Oregon R + flies caused increased ROS generation, oxidative stress, and expression of heat shock genes without propelling cell death Assays for ROS generation, oxidative stress (OS) end points, and expression of hsps were performed in the flies exposed to different concentrations of DCA for 12-48 h along with their respective control. We observed a significant (P<0.05) increase in ROS generation in 20.0 μg/ml DCA-treated group after 24 h (~40 %) and a nonsignificant change after 48 h in comparison to control. For the rest of the concentrations of DCA and exposure periods, the level of ROS generation in exposed flies was comparable to that in control (Fig. 2a) . Figure 2b -g shows OS parameters assayed in control and DCA-exposed groups. Concomitant with the induction of ROS generation, we observed a significant (P<0.05) increase in MDA and PC contents and GST activity in 20.0 μg/ml DCA-treated flies after 24 h (an increase of~40, 52, and 47 % in MDA and PC contents and GST activity, respectively) while the same end points were found to be nonsignificantly changed after 48 h in comparison to control (Fig. 2d, g, e) . Likewise, GSH content was found to be significantly decreased (~23 % decrease in comparison to control) in flies that were exposed to DCA for 24 h while the same after 48 h was nonsignificantly changed as compared to control (Fig. 2f) . Interestingly, we observed a significant increase in the activities of antioxidant enzymes (maximum increase of~59 and~39 % in SOD and CAT activities, respectively, after 48 h) in 20.0 μg/ml DCAtreated flies after 24 and 48 h as compared to control (Fig. 2b, c) . None of the lower concentrations (0.02, 0.2, 2.0 μg/ml) of DCA evoked any change in the above end points in exposed organism.
To examine the expression of hsps (hsp22, hsp23, hsp26, hsp27, hsp60, hsp70, and hsp83), qPCR assay was carried out in control and DCA-treated flies. We observed a significant (P<0.05) increase in the expression of hsp22, hsp27, and hsp70 (maximum increase of 1.9-and 2.1-fold in hsp22 and hsp70 expression, respectively, after 24 h and~2.3-fold in hsp27 expression after 48 h of DCA exposure) in 20.0 μg/ml DCA-treated flies after 24 and 48 h (Fig. 2h) . None of the tested concentrations of DCA evoked any significant increase in the expression of the other tested hsps in exposed organism during the entire exposure regimen (12-48 h) (data not shown).
To examine whether DCA (20.0 μg/ml) induced OS in exposed organism leads to cell death, we measured DEVD-and IETD-ase activities (caspase-3-and caspase-9-like activities) in control and treated flies after 24 h and observed a nonsignificant (P>0.05) change in the enzyme activities in exposed organism as compared to control (Fig. 2i) .
Prolonged exposure of DCA to Oregon R + flies improved their survival Figure 3a presents the survival of control and DCAexposed flies. While we did not observe any significant (P>0.05) change in the maximum life span and mean survival of flies that were exposed to the lower concentrations (0.02, 0.2, 2.0 μg/ml, data not shown) of DCA, a significant (P<0.05) increase in the maximum life span (~14 %) and the mean survival (~15 %), respectively, was observed in 20.0 μg/ml DCA-treated flies (Fig. 3b) .
Prolonged exposure of DCA to Oregon R + flies attenuated their age-dependent decline in locomotor performance without compromising organismal growth To examine whether increased survival in DCA-exposed flies compromises with their healthspan, we measured growth and fitness in terms of their body weight and locomotor performance, respectively, at different days of life (0, 10, 20, 30, 40, 50 days) parallel to the age-matched control. Although we did not observe any apparent change in the body weight of exposed flies in comparison to control (Fig. 4a) , a significant (P<0.05) increase in locomotor performance was observed in 40 and 50-day-old DCA-exposed flies in comparison to their age-matched controls (~24 and 28 % increased locomotor performance was observed in 40-and 50-day DCA-exposed flies, respectively, in comparison to unexposed control flies of similar age) (Fig. 4b) .
Prolonged exposure of DCA to Oregon R + flies rescued them from age-dependent ROS generation and GSH depletion To corroborate with the increased life span of 20.0 μg/ml DCA-exposed flies, ROS generation and GSH content were also evaluated in exposed flies at the above stated days of age. We observed a significant reduction in ROS generation in 40 and 50-day-old exposed flies (~32 and~30 % lower ROS generation in 40-and 50-day-old exposed flies, respectively, as compared to unexposed flies of similar age) (Fig. 5a ). Parallel to the lowered ROS levels in these flies, we observed a significant increase (P<0.05) in the GSH content in exposed flies with an advance in age (~42 and 39 % higher GSH content in 40-and 50-day-old DCA-treated flies, respectively, as compared to unexposed flies of similar age) (Fig. 5b) .
Enhanced expression of gclc and gclm in aged Oregon R + flies after their prolonged exposure to DCA To substantiate the increased GSH content, expression of gclc and gclm (genes coding for GCLc and GCLm, respectively) was examined in control and 20.0 μg/ml DCAexposed flies at different days of their age (0, 10, 20, 30, 40, 50 days) by qPCR assay. We observed a significant (P<0.05) increase in the expression of gclc and gclm in 40-and 50-day-old exposed flies (~1.8-and 1.7-fold increased expression of gclc and~1.9-and 1.6-fold increase in gclm expression in 40-and 50-day-old exposed flies, respectively, as compared to unexposed control flies) (Fig. 6a, b) .
Enhanced expression of hsp27 in Oregon R + flies after their prolonged exposure to DCA To examine whether increased life span of DCAexposed flies is causally linked to increased expression of hsps, hsp22, hsp27, and hsp70 expressions in the exposed organism at different days of their age (0, 10, 20, 30, 40 , 50 days) along with the age-matched control were assayed by qPCR. We observed a nonsignificant (P<0.05) change in the expression of hsp22 in exposed flies from 0-50 days in comparison to their respective control (Fig. 7a) . A similar trend was observed for the expression of hsp70 except that a significant (P<0.05) increase in hsp70 expression was observed in 10-and 20-day-old exposed flies in comparison to their corresponding control (~1.5-and 1.6-fold increase in hsp70 expression in 10-and 20-day DCA-exposed flies, Fig. 4 Prolonged exposure of DCA to D. melanogaster (Oregon R + ) flies attenuated an age-dependent locomotor decline without compromising growth. Graphs depicting body weight (a) and locomotor performance (b) at different days of age (0, 10, 20, 30, 40, 50 days) in control and 20.0 μg/ml DCA-exposed D. melanogaster. Data represent mean ± SD. Significance ascribed as *P<0.05 as compared to control of similar age respectively) (Fig. 7c) . On the other, hsp27 expression was observed to be significantly increased in 30-50-day-old exposed flies (maximum increase of~1.9-fold in 40-day-old flies) in comparison to the age-matched control (Fig. 7b) .
hsp27 knockdown flies exhibited reduced survival along with an age-dependent increase in GSH depletion, ROS generation, and locomotor insufficiency after their prolonged exposure to DCA To examine the effect of DCA on hsp27 expression in exposed organism, we generated strains wherein hsp27 was either knocked down (Act-Gal4>UAS-hsp27 RNAi ) or overexpressed (Act-Gal4>UAS-hsp27). We observed a significant (P<0.05) reduction (~19 %) in the mean survival of Act-Gal4>UAS-hsp27
RNAi flies and a nonsignificant (P>0.05) increase (~8 %) in the mean survival of Act-Gal4 > UAS-hsp27 flies that were exposed to 20.0 μg/ml DCA as compared to unexposed flies. In comparison to exposed Act-Gal4>w 1118 flies (genetic control), a significant (P<0.05) reduction (~43 %) in the mean survival of exposed Act-Gal4>UAS-hsp27
RNAi flies and a nonsignificant (P>0.05) increase (~5 %) in the mean survival of exposed Act-Gal4>UAS-hsp27 flies was observed (Fig. 8a, b) . To investigate whether reduced GSH content in hsp27 knockdown flies leads to the reduced survival of DCA-exposed organism, GSH content was measured in control and 20.0 μg/ml DCA-treated ActGal4>UAS-hsp27
RNAi flies at different days of their age as mentioned above. We observed a significant (P<0.05) decline in the GSH content in 20-and 30-day-old exposed 
Act-Gal4>UAS-hsp27
RNAi flies in comparison to unexposed flies of similar age (~28 and 32 % decline in the GSH content in 20-and 30-day-old flies as against control, respectively). However, a decline in the GSH content was more apparent when a comparison was made between exposed Act-Gal4>UAS-hsp27
RNAi and Act-Gal4>w 1118 flies (~35 and 48 % decline in the GSH content in 20-and 30-day-old exposed Act-Gal4>UAS-hsp27 RNAi flies, respectively) (Fig. 8c) . Further, levels of ROS generation were examined in control and 20.0 μg/ml DCA-treated hsp27 knockdown flies at different days of age. Concomitant to a decrease in the GSH content, we observed a significant (P<0.05) increase in the level of ROS generation in 20.0 μg/ml DCA-treated Act-Gal4>UAS-hsp27 RNAi flies as compared to the age-matched control and genetic control of similar age (~21 and 15 % increase , Act-Gal4>UAS-hsp27, and ActGal4>UAS-hsp27
RNAi flies. Graphs depicting GSH content (c), ROS generation (d), and locomotor performance (e) at different days of age (0, 10, 20, 30, 40, 50 days) in control and 20.0 μg/ml DCA-exposed Act-Gal4/w 1118 and Act-Gal4>UAS-hsp27
RNAi flies. Data represent mean ± SD. Significance ascribed as *P<0.05 as compared to unexposed control and #P<0.05 as compared to exposed Act-Gal4/w 1118 in ROS generation 20-and 30-day-old Act-Gal4>UAS-hsp27 RNAi flies as compared to unexposed flies, respectively, while a~26 and 20 % increase in the ROS generation was observed in hsp27 knockdown flies as against exposed Act-Gal4>w 1118 flies) (Fig. 8d) . To examine the effect of hsp27 knockdown on the fitness of DCA-exposed flies, we monitored locomotor performance of Act-Gal4> UAS-hsp27
RNAi flies and observed a significant (P<0.05) decline in the locomotor performance of Act-Gal4>UAS-hsp27
RNAi flies that were exposed to 20.0 μg/ml DCA (~21 and 27 % poor performance in 30-day-old flies as compared to the age-matched unexposed flies and Act-Gal4> w 1118 flies, respectively) (Fig. 8e ).
Correlation among different parameters A correlation was drawn for ROS generation, GSH content, expression of hsp27, and locomotor performance with respect to age in DCA-exposed flies (Table 2) . A significant negative correlation (r = −0.966, P=0.0017) was observed between ROS generation and GSH content and between locomotor performance and ROS generation (r=−0.949, P=0.0038). We observed a positive correlation (r=0.996, P<0.0001) between locomotor performance and GSH content. Further, a significant positive correlation (r=0.847, P= 0.033) was observed between hsp27 and GSH content and a negative correlation (r=−0.894, P=0.016) between hsp27 and ROS generation.
Discussion
The in vivo study presented here examined the cellular and organismal effects of DCA in exposed D. melanogaster. The study revealed attenuated an age-related cellular (in terms of GSH and ROS levels) and functional (in terms of locomotor performance) decline and increased longevity after prolonged DCA exposure to D. melanogaster.
Environmentally relevant concentrations of DCA, used in this study, showed no adverse effect in terms of cellular injury (oxidative stress, cell death, etc.), indicating that exposure in such limits is not disparaging. However, the highest tested concentration of DCA, i.e., 20.0 μg/ml (lower than that suggested for clinical use), evoked cellular as well as organismal responses in exposed Drosophila.
Xenobiotic exposures to organisms leading to their developmental and reproductive changes are well reported (Oakes et al. 2004; Singh et al. 2009) . Earlier reports have shown that DCA causes developmental and reproductive adversities in exposed organisms (rat and zebrafish) wherein very high concentrations of DCA (~400-4,000 mg/kg) were used (Hassoun et al. 2005; Linder et al. 1997; Smith et al. 1992) . However, none of the tested DCA concentrations were found to induce developmental and reproductive adversities in exposed Drosophila as evidenced by nonapparent change in the emergence pattern and reproductive performance of exposed flies. Although speciesspecific sensitivity cannot be ruled out, the importance of dose paradigm as one of the determinants of any observed response against xenobiotic exposure remains a distinct possibility.
Adaptive responses (e.g., increased longevity, resistance to stress) as a consequence of repetitive exposure to mild stress, towards biological benefit have been well reported in mammals and insects (Hercus et al. 2003; Minois 2000; Rattan 1998 ). In the same context, prolonged exposure of low concentrations of DCA to Drosophila improved the survival of exposed organism as evidenced by a significant increase in maximum life span and mean survival of exposed flies. However, acute exposure of DCA to Drosophila evoked their cellular defense system as evident by enhanced antioxidant enzyme activities along with a moderate increase in the ROS generation without induction of cell death. Thus, increased survival of exposed flies as a consequence of repetitive stimulation to antioxidant defense system can be considered as an adaptive response against prolonged exposure to DCA. Increased ROS generation is casually linked to aging vis-à-vis decreased life span. When we examined the level of ROS generation in DCA-exposed flies at different days of their life, we observed that prolonged exposure of DCA to Drosophila reduced the level of ROS generation with an advancement of their age. This is in agreement with a previous study wherein reduced ROS level was evident in DCA-exposed C. elegans (Schaffer et al. 2011 ). Concurrent with reduced ROS level, a significantly higher GSH content was observed in DCA-exposed aged flies as evident by a negative correlation drawn between ROS and GSH content (Y ROS = −0.848 GSH +1.881, r=−0.966, P=0.0017) with respect to age. Synthesis of GSH is catalyzed by the ratelimiting enzyme GCL. Parallel to the increased GSH content, we observed enhanced expression of gclc and gclm in DCA-exposed flies with respect to age as evident by a significant positive correlation between GSH and gclc (Y GSH =0.563 gclc +0.396, r=0.889, P<0.018) and gclm (Y GSH = 0.519 gclm + 0.471, r = −0.902, P < 0.014). Thus, a higher GSH content in DCAexposed flies might be a consequence of its de novo synthesis stimulated by the elevated expression of gclc and gclm, which is in agreement with earlier studies wherein DCA-induced upregulation of GSH via induction of GCL was observed in mice (Theodoratos et al. 2012) . Parallel to the above discussion, overexpression of gclc and gclm was reported to extend life span of Drosophila (Orr et al. 2005 ) and de novo synthesis of GSH was also reported against long-term low-dose γ-irradiation in mice (Lee et al. 2013) .
Increased antioxidant levels and decreased ROS generation can play important roles towards better healthspan (Gruber et al. 2008 (Gruber et al. , 2009 ). Our observation of increased healthspan in Drosophila after their prolonged exposure to DCA as evidenced by their improved locomotor performance with an advancement of age supports the above discussion. In this context, a significant positive correlation drawn between GSH content and locomotor performance (Y LA =0.610 GSH + 0.406, r=−0.996, P<0.0001) and a significant negative correlation between locomotor performance and ROS generation (Y LA =−0.663 ROS +1.706, r=−0.949, P= 0.0038) also suggest that prolonged exposure of DCA to Drosophila helps them to counter the ROS-mediated organismal adversities with respect to age.
Increased survival is casually linked with modulation of hsps. In Drosophila, increased copies of hsps and their overexpression are reported to have beneficial effect on the organism. Increased copy number of hsp70 has been reported to reduce mortality and improve overall survival of organism (Tatar et al. 1997) . Overexpression of hsp27 (Liao et al. 2008 ) and hsp22 (Kim et al. 2010) were shown to provide increased longevity to flies. We observed a significant increase in hsp22, hsp27, and hsp70 expression in the flies that were exposed to DCA up to 48 h. However, in flies that were exposed to DCA for a prolonged period, hsp27 expression was significantly upregulated in 30-50-dayold organism. hsp27 is reported to maintain cellular redox by upholding intracellular glutathione (Arrigo et al. 2005; Concannon et al. 2003; McCollum et al. 2006) and by suppressing ROS generation (Liu et al. 2007; Wyttenbach et al. 2002) . In agreement with the above discussion, we observed decreased ROS generation and GSH depletion concurrent with increased hsp27 expression in DCA-exposed aged flies which was further evident by a significant positive correlation drawn between hsp27 expression and GSH content (Y GSH =0.592 hsp27 +0.341, r=0.847, P=0.033) and a Fig. 9 Schematic representation of cellular and organismal response of Drosophila against prolonged exposure to DCA. The model shows improved survival and healthspan of flies as a consequence of stimulation to antioxidant defense system and hsps induction (enhanced GSH synthesis and hsp27 expression) along with mild ROS generation which can be attributed as an adaptive response of the organism after prolonged exposure to DCA. ROS reactive oxygen species, GSH glutathione, GCL glutamate cysteine ligase, DCA dichloroacetic acid negative correlation between hsp27 expression and ROS generation (Y ROS =−0.549 hsp27 +1.653, r=−0.894, P=0.016). We therefore hypothesized that modulation hsp27 expression might benefit the DCA-exposed organism. When hsp27 was knocked down in Drosophila (Act-Gal4>UAS-hsp27 RNAi ), survival of these organisms significantly went down as compared to control (Act-Gal4>w
1118
) along with a significant increase in the ROS generation and GSH depletion and poorer locomotor activities, suggesting an age-dependent decline in the fitness of fly against DCA exposure. To rule out the general effect of knockdown of hsps, we further analyzed the survival of flies wherein another small hsp, viz., hsp22, was knocked down (Act-Gal4> UAS-hsp22 RNAi ). After DCA exposure to these flies, we observed a nonsignificant change in their survival as compared to unexposed flies (data not shown). Thus, longevity and better healthspan of aged flies after their prolonged exposure to DCA may be a consequence of increased hsp27 and increased GSH levels (Fig. 9) .
Taken together, we show here that attenuation of agedependent cellular (ROS generation and GSH depletion) and functional (survival and organismal fitness) declines along with involvement of hsp27 modulation in flies that were exposed to DCA for a prolonged period. To the best of our knowledge, this is the first report on the attenuation of age-dependent insufficiencies by DCA exposure using a well-accepted in vivo model Drosophila. However, further studies are warranted to understand the possible role of hsp27 modulation vis-à-vis age-dependent benefit in DCA-exposed organisms towards its therapeutic benefit.
